In a defined medium with added ethionine plus low methionine, phenylalanine, tryptophan, tyrosine, adenine, and additional methionine reversed inhibition of the enteric yeast Candida slooffii by ethionine. Isoleucine and 7-methylguanine restored half-maximal growth. Choline but not triethylcholine inhibited C. slooffii. 6-Mercaptopurine reversed ethionine inhibition and also synergistic inhibition by ethionine plus choline. Protection against ethionine by adenine plus aromatics was also evident with log-phase cells in the absence of methionine. Incorporation of ethionine-ethyl-l-14C by resting cells was partially inhibited by aromatic amino acids and methionine. Ethionine depressed incorporation of 3H-phenylalanine but not of 3H-adenine. Ethionine-resistant mutants were isolated which incorporated ethionine efficiently and degraded it to yet unidentified substances not including 5'-ethylthioadenosine. Ethioninesensitive cells accumulated more S-adenosylethionine (SAE) than resistant mutants. Adenine was a good precursor of SAE. Radioactivity from ethionineethyl-i-4C was recovered from cell fractions of ethionine-sensitive cells with the following distribution: cold trichloroacetic acid-soluble > hot trichloroacetic acid-insoluble > lipids > deoxyribonucleic acid > ribonucleic acid. Total radioactivity recovered from ethionine-sensitive cells was twice as much as that from ethionine-resistant mutants.
In a defined medium with added ethionine plus low methionine, phenylalanine, tryptophan, tyrosine, adenine, and additional methionine reversed inhibition of the enteric yeast Candida slooffii by ethionine. Isoleucine and 7-methylguanine restored half-maximal growth. Choline but not triethylcholine inhibited C. slooffii. 6-Mercaptopurine reversed ethionine inhibition and also synergistic inhibition by ethionine plus choline. Protection against ethionine by adenine plus aromatics was also evident with log-phase cells in the absence of methionine. Incorporation of ethionine-ethyl-l-14C by resting cells was partially inhibited by aromatic amino acids and methionine. Ethionine depressed incorporation of 3H-phenylalanine but not of 3H-adenine. Ethionine-resistant mutants were isolated which incorporated ethionine efficiently and degraded it to yet unidentified substances not including 5'-ethylthioadenosine. Ethioninesensitive cells accumulated more S-adenosylethionine (SAE) than resistant mutants. Adenine was a good precursor of SAE. Radioactivity from ethionineethyl-i-4C was recovered from cell fractions of ethionine-sensitive cells with the following distribution: cold trichloroacetic acid-soluble > hot trichloroacetic acid-insoluble > lipids > deoxyribonucleic acid > ribonucleic acid. Total radioactivity recovered from ethionine-sensitive cells was twice as much as that from ethionine-resistant mutants.
Ethionine, the S-ethyl homologue of methionine, is a potent hepatic carcinogen and inhibits growth of several microorganisms (5) . Ethionine toxicity depends on: (i) adenosine triphosphate (ATP)-trapping [through accumulation of S-adenosylethionine (SAE)] which depresses synthesis of nicotinamide adenine dinucleotide (NAD) (or NAD phosphate), proteins, and nucleic acids (25, 33) ; (ii) ethylation of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), or metabolites of low molecular weight, or both, which may behave abnormally because of altered structure or compete with methylated compounds (27) (28) (29) ; (iii) incorporation into proteins which may lose biological activity (5, 24) ; and (iv) inhibition of enzyme formation (8) Growth experiments. Two methods were used. (i) Cells grown on Sabouraud medium were diluted in saline; one drop from a Pasteur pipette was inoculated into the tubes (16 by 125 mm) containing 5 ml of synthetic medium. One drop contained approximately 2,500 cells/ml. Tubes were incubated at 37 C for 2 to 8 days. (ii) Log-phase cells in the synthetic basal medium were used as inoculum. Initial turbidity of all tubes was 30 + 2 Klett (photocolorimeter) units. Readings were made every 2 hr. The tubes fitted directly into the photocolorimeter and were incubated in a water bath at 37 C.
Ethionine-resistant mutants. About 2,500 cells/ml were inoculated in BM plus DL-ethionine (0.1 mg/ml) plus DL-methionine (0.002 mg/ml) plus aromatic amino acids (DL-phenylalanine, 0.2 mg/ml; L-tryptophan, 0.12 mg/ml; L-tyrosine, 0.2 mg/ml). water for 1 hr. Total methionine was determined after hydrolysis of the cells in 20% HCI at 105 C for 20 hr in sealed ampules. The hydrolysate was filtered, and the acid was eliminated by heating at 80 C. The residue was dissolved in distilled water and evaporated again until all acid was eliminated; it was finally dissolved in a known volume of distilled water and assayed for methionine. Cells of wild-type C. slooffii were grown in BM, and those of the ethionine-resistant mutant were grown in BM plus DLethionine (0.1 mg/ml) before being tested for methionine accumulation.
Incorporation of ethionine-ethyl-1-"4C. Approximately 500 mg (dry weight) of yeast cells was shaken for 2 hr in the glucose-mineral solution of Stekol (26) . Radioactive amino acid plus cold carrier plus protectants (concentrations indicated in figures of Results) were added to final volume of 10 ml. Samples were taken at intervals as indicated. Radioactivity was determined in supernatant fractions or in cells; for cells, 0.2 ml of the suspension was filtered, and the filter discs (Millipore Corp.) were washed three times with 15 ml of Stekol's solution, dried under infrared light, and placed in counter flasks. The liquid scintillation spectrometer of Beckman was used, and materials were added to the following solutions: (i) diphenyloxazole, 4 g; 1, 4-bis-2-(4-methyl-5-phenyloxazolyl)benzene, 0.1 g; and toluene to 1,000 ml; and (ii) naphthalene, 60 g; diphenyloxazole, 4 g; 1, 4-bis-2-(4-methyl-5-phenyloxazolyl)benzene, 0.2 g; methanol, 100 ml; ethylene glycol, 20 ml; and pdioxane to 1,000 ml.
Location of radioactivity in cell fractions. After incubation of cells with ethionine-ethyl-1-"4C (0.5 ,PCi/ml) until decrease in the radioactivity of the supernatant fraction was undetectable, cells were fractionated (18 Paper chromatography. Descending chromatography of the concentrated supernatant fractions from ethionine-sensitive and ethionine-resistant cultures was performed on Whatman no. 1 paper with the following solvent system: n-butanol-acetic acid-water (60:15:25, v/v). The chromatographs were revealed by ultraviolet (UV) irradiation, ninhydrin (0.2% in acetone), and radioactivity. For this latter purpose, paper was cut in sections 1-cm wide, and these were immersed directly in the scintillation flasks.
RESULTS
Growth experiments. In the synthetic BM with DL-ethionine (0.1 mg/ml) plus DL-methionine (0.002 mg/ml), phenylalanine, tryptophan, tyrosine, adenine, and additional methionine reversed inhibition by ethionine. Isoleucine and 7-methylguanine restored growth to half-maximal. 5-Methylcytosine, 6-methyluracil, uracil, and thymine did not stimulate growth and even depressed it on BM without ethionine. Adenine was highly stimulatory. Choline, but not triethylcholine, inhibited growth. 6-Mercaptopurine (6-MP) reversed ethionine inhibition and also the synergistic inhibition by ethionine plus choline on short incubation (72 hr) in BM supplemented with glutamic acid plus isoleucine plus low (0.003 mg/ml) methionine (Tables 1 and 2 ). Protection against ethionine by aromatic amino acids and adenine plus aromatics or by methionine was also evident in log-phase cells on BM plus ethionine in the absence of methionine; in such log-phase cells a 32-hr lag preceded exponential growth, but there was no lag when methionine was the protectant (Fig. 1) . To clarify events during this lag, counts were made on Sabouraud plates from systems containing ethionine and ethionine plus aromatics (or methionine). In the first 10 hr of incubation, the number of cells in all systems doubled, and there was no further stimulation by aromatic amino acids at this stage. Cells exposed to ethionine had sharply reduced viability in the next hours; after 24 hr all cells were dead. In the presence of aromatic amino acids, viable cells were much fewer after 35 hr, then growth resumed at the normal rate. In the presence of methionine, viability was maintained in the first log-phase cells (Fig. 2) . Growth in the presence of protectants besides methionine was not due to a high mutation rate toward ethionine resistance: endogenous growth (i.e., without utilization of exogenous substrates) in the absence of these protectants was the same as in their presence, thus the probability of appearance of mutants was the same in the two systems.
Ethionine uptake; antagonism by aromatic amino acids. Incorporation of ethionine-ethyl-1-'4C by resting cells was partially inhibited by aromatic amino acids (Fig. 3) . Conversely, ethionine depressed incorporation of 3H-phenylalanine as added in a mixture of cold aromatic amino acids (Fig. 4) . That ethionine did not hinder incorporation of amino acids because of a general toxicity was evident from the fact that ethionine did not inhibit incorporation of 3H-adenine. Incorporation of ethionine-ethyl-1-14C was also depressed by methionine (Fig. 5) .
Characteristics of the ethionine-resistant strain. Both ethionine-sensitive and ethionine-resistant strains grew with methionine but not with ethionine as the sole S source. The resistant strain grew with 0.5 mg of ethionine/ml. Methionine was not excreted by resistant cells of C. slooffii, and the concentrations of total methionine and of free or bound methionine were approximately the same in sensitive and resistant cells. On incubation of ethionine-sensitive (ets) and ethionine-resistant (etr) cells with methionine or ethionine in Stekol's glucose-mineral solution, the corresponding sulfonucleosides synthesized in both cases were determined: ets suspensions accumulated more SAE than etr cells (Table 3) . Time course analysis of incorporation of ethionine-ethyl-1-14C in ets and etr yeasts showed that resistance to ethionine was not due to decreased permeability to this amino acid. On the contrary, incorporation of ethionine-ethyl-1-14C in etr cells was very efficient at the beginning of incubation; immediate excretion of radioactivity was then prominent but much less so in ets cells (Fig. 6) . Interestingly, no noteworthy excretion of radioactivity from methionine-methyl-14C was observed after its incorporation by ets and etr cells (Fig. 7) 
U025
Protection by purines against ethionine toxicity in microorganisms is unreported. Adenine, which alleviates many toxic effects of ethionine in rats, does not stimulate sulfonucleoside synthesis in Saccharomyces cerevisiae (18) and even enhances the growth inhibition induced by ethionine in Salmonella typhimurium (21). In C. slooffii, incorporated adenine is distributed half in the sulfonucleoside fraction and half in other less basic nucleosides and nucleotides. Adenine (directly or via hypoxanthine) seems a good precursor for ATP synthesis, and once the system is pushed toward synthesis of sulfonucleosides-as in the presence of methionine or ethionine-adenine is a precursor of SAM or SAE. Since adenine protects against ethionine toxicity, apparently ATP trapping by ethionine is more prejudicial to cell survival than increased concentrations of SAE-a potential alkylating agent. (12) . High temperatures may impair some essential component (methionyl-tRNA?) for control of methionine synthesis (9) .
Present evidence argues for ethionine resistance in C. slooffii being dependent on increased degradation of ethionine. Other mechanisms of microbial resistance to ethionine include over-production of methionine (1, 15). With C. slooffii no over-production of methionine was observed nor did ethionine-resistant C. slooffii show lessened incorporation of ethionine as compared with the normal sensitive. Lessened incorporation accounted for resistance to ethionine in some S. cerevisiae (22) and N. crassa (9, 12) 10-fold greater in ets than in etr C. slooffii.
Although incorporation of ethionine into proteins is common (7, 10, 11) , its significance varies: some proteins bearing ethionine become inactive (24) (31) , synthesizes lecithin by the de novo pathway. This suggests that choline is not activated via cytidine-5'-diphosphate-choline or that this nucleotide accumulates, thus trapping cytidine-5'-triphosphate. Triethylcholine, perhaps formed upon ethionine administration, is toxic for rats (29) but is inert in C.
slooffii. A small percentage of radioactivity from ethionine-ethyl-1-14C was incorporated in VOL. 1 10, 1972 MENDONQA AND TRAVASSOS the nucleic acid fraction from C. slooffii. This fraction from ets cells contained five times more label than in etr cells. In both cases, under the incubation and extraction conditions used, radioactivity in DNA was greater than in RNA. In S. cerevisiae 14C from ethionineethyl-i-14C was also recovered in the nucleic acid fraction (23) . In Escherichia coli no incorporation of radioactivity from ethionine-ethyl-1_ 14C was detected in RNA, either in cells grown in the presence or absence of methionine. Ethionine did not affect incorporation of uracil-2-14C into RNA but stimulated synthesis of DNA (20) . Effects of ethionine on RNA and DNA synthesis in C. slooffii at optimal and supraoptimal temperatures are under study.
Several systems have been selected for the study of ethionine toxicity. Many reports try to correlate ethionine metabolism with ethionine-induced hepatic carcinogenesis. The present paper suggests that C. slooffii may be a promising system for investigating the role of ethionine as a mutagen, the possibility of utilization of purines and methyl purines in the repair of nucleic acids rendered biologically unstable because of ethylation, the increased temperature sensitivity of ethionine-resistant mutants, the participation of low-molecularweight substances as substrates for transalkylations thus diverting SAE from reacting with essential cell macromolecules, and several other aspects.
